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Knowledge of crystallization kinetics is critical to the understanding of phase 

transformations in solids, including the crystallization of amorphous phase change 

materials used for optical and resistive memory applications. When such phase 

transformations are highly driven, as in laser- or current-induced crystallization at 

temperatures far above the onset of crystallization, the kinetics and the associated changes 

in microstructure are difficult to probe experimentally. At such high temperatures, 

competition between entropic and kinetic effects yields a maximum crystal growth rate, 

which cannot be reliably extrapolated from conventional low temperature data where 

growth progresses on the scale of nm/s. We use nanosecond-scale time-resolved microscopy 

with intense electron pulses to measure crystal growth rates in amorphous GeTe during 

laser crystallization. Crystallization, driven by heating rates of ~1010 K/s, was captured in 

multi-frame movies and crystal growth speeds exceeding 3 m/s were measured. Observed 

changes in growth rate during crystallization along with models of the laser-specimen 

interactions and crystal growth rate indicate that observed crystallization occurs at 

temperatures close to and slightly above where the maximum growth rate is achieved.  

Optical memory (CDs, DVDs) and non-volatile Random Access Memory (RAM) exploit 

the distinct optical and electrical properties of the amorphous and crystalline phases of 

chalcogenide-based phase change materials (PCMs). For memory applications, it must be 

possible to switch between the amorphous and crystalline phases in nanoseconds by rapid 

heating.1 Heating may be achieved by laser- or current-pulses, but in either case, crystallization 

of the amorphous phase is the slower, data-rate-limiting process compared to the melt-quenching 

process that switches the material from crystalline to amorphous. Thus a solid understanding of 

crystallization kinetics during laser and resistive heating, where heating rates may exceed 1010 
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K/s and crystal growth rates approach their maximum, are of vital interest for PCMs as they 

directly impact device switching speed. 

Here we study crystallization of GeTe, a PCM that is attractive for both high temperature 

and non-volatile RAM applications because of its high crystallization temperature, Tx,2,3 and 

rapid switching speed.3,4 Crystallization occurs rapidly in stoichiometric GeTe,4,5 because the 

amorphous and crystalline phases have identical composition, and a partitionless transformation 

occurs.5,6 Laser crystallization of amorphous GeTe has been monitored on the nanosecond scale 

by measuring changes in optical and electrical properties,4,6-8 but with these methods, only the 

overall fraction crystallized is extracted. Consequently the nucleation and growth rates cannot be 

independently measured, even though they both impact the overall crystallization rate.  

Microscopic techniques that image microstructural changes can be used to study nucleation 

and growth independently, but these techniques are severely limited in their temperature range 

due to limits in the range of experimentally measurable growth rates. Growth rates have been 

measured with optical microscopy9-11 and transmission electron microscopy (TEM)12 near the 

crystallization temperature, Tx, which varies with heating rate but has been taken as ~450 K.2,5 

Consequently crystal growth rates for GeTe discussed in the literature9-12 have only been 

measured over a small temperature range, 393 to 453 K. The crystal growth of GeTe and other 

PCMs is sometimes described as linear in time and having an Arrhenius dependence for 

isothermal measurements near Tx.9-12 While adequate for low temperatures, this model cannot 

predict growth rates at higher temperatures, as it accounts for neither the diminishing driving 

force for crystallization when approaching the melting temperature, Tm (997 K for GeTe13), nor 

the strong temperature dependence of the atomic transport coefficients.14,15 If we assume, as is 

commonly done,16 that the amorphous material relaxes into a supercooled liquid as it approaches 
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Tm, then the entropic term in the Gibbs free energy change reduces the driving force (and hence 

the crystallization rate) to zero at Tm, thus implying a maximum growth rate at some intermediate 

temperature. Kelton and Greer developed a growth rate model for glass-forming systems 

applicable up to Tm,17,18 but the expected maximum growth rates for GeTe and similar PCMs (on 

the order of m/s) are much too high to be captured with conventional experimental techniques. 

The need to better understand crystallization kinetics during laser- and Joule-heating 

motivates direct experimental measurements of the growth rate under high heating rates and 

temperatures far above Tx. We study kinetics of crystallization of amorphous GeTe using pulsed 

electron imaging, which enables direct measurement of growth rates during laser crystallization. 

This is achieved with the dynamic TEM (DTEM),19 a TEM that has been modified to enable 

controlled photoemission of intense electron pulses used for nanosecond-scale imaging and 

diffraction of irreversible processes. With this instrument, a transformation is initiated in a 

specimen with a laser pump pulse. Multiple pulses from a second laser, timed against the pump 

laser in an operator-defined delay, strike the TEM cathode inducing emission of ~109 electrons 

over several nanoseconds. Up to nine electron pulses may be spaced over several microseconds, 

probing the specimen multiple times during a single initiated reaction, forming a movie of an 

irreversible reaction. Here, each electron pulse is 17.5 ns, defining the temporal resolution of the 

experiment. The DTEM has been used to probe phase transformations in Ge2Sb2Te5,20 metals,21-

23 and semiconductors,24 but in previous experiments the reacting specimen was probed with a 

single electron pulse. The design of the DTEM “single-shot” mode25 and the modifications that 

have enabled the current “movie” mode operation26
 have been described elsewhere. 

Regions of a 30 nm GeTe film on an amorphous 20 nm silicon nitride membrane were 

crystallized with a single 1064 nm wavelength laser pulse with a 135±5-µm 1/e2 diameter, a 12-
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ns FWHM duration, and a total energy from 5.1 to 5.5 µJ. Figure 1 shows two series of nine 

17.5-ns images during crystal growth at the center of the laser-affected areas. The nucleation rate 

is low at the hottest part of the specimen, and the grains grow many microns in diameter before 

impingement, consistent with growth-dominated crystallization expected for GeTe.4 Due to the 

stochastic nature of nucleation, the microstructural development during crystallization unfolds 

differently in the two examples. In Figure 1a, many grains grow inward from the periphery 

where the temperature was initially lower and the nucleation rate higher, whereas in Figure 1b, a 

single grain grows and is not impinged within the field of view by 2590 ns. The crystal growth 

rates as a function of delay after the specimen laser shot is shown in Figure 2. In the first few 

hundred nanoseconds the growth rate exceeds 3 m/s with a drop in rate as time progresses. 

To understand the change of growth rate with time and to relate our data to growth rates 

measured below Tx, it is necessary to connect our growth rates to temperature, rather than laser 

energy. Direct temperature measurements are not generally experimentally accessible for laser 

heating experiments, but temperatures may be modeled, e.g. [6,20]. Spatio-temporal temperature 

profiles were developed using finite element analysis (FEA) modeling of laser-specimen 

interactions and heat flow. The temperature at various positions is shown as a function of time in 

Figure 3 for laser heating of the specimen in our experiment. The temperature rises rapidly 

during the peak intensity of the laser pulse, exceeding 1010 K/s at the center of the laser spot, and 

large spatial temperature gradients are established within 30 ns. The specimen has a large, thin 

electron-transparent area and due to this geometry, the temperature gradients persist for many 

microseconds. In the time window of the growth rate measurements (120 to 2590 ns) the local 

temperature established by laser heating is essentially isothermal, thus these experiments lend 

themselves well to comparison with isothermal growth rate measurements near Tx.9-12 Due to low 
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nucleation rates and long incubation times, no significant amount of amorphous GeTe 

crystallizes within the 15-ns laser pulse, therefore transformation to the crystalline phase is not 

expected to affect the laser absorption, but it will affect the temperature profile later due to the 

heat of crystallization released and higher thermal conductivity of the crystalline phase. The 

simulations shown do not include changes in material properties due to phase transformations, 

but in simulations with the higher thermal conductivity of crystalline GeTe only a very slightly 

more rapid decay of the temperature profile occurs within 3 µs. Heating due to enthalpy of 

crystallization will be highly localized in the time-scale of the experiment and the pattern of 

heating will depend sensitively on the course of nucleation and growth, which will unfold 

differently in each specimen. Given the magnitude of the enthalpy of crystallization and heat 

capacity of the GeTe and support, local heating up to ~180K could occur near the crystallization 

front. The temperatures near the center of the laser spot may locally approach Tm and indeed 

evidence of melting and dewetting of the film occurs where the grains impinge in Figure1a. If we 

do take this as evidence that the center of the laser spot is heated by the laser to a temperature 

between Tm - 180K and Tm, then this verifies the calculated laser absorption in Figure 3 within an 

error bound of order 10%.  

We consider our measurements (at temperatures approaching Tm) and those from the 

literature (near or below Tx),9-12 in the context of Kelton and Greer’s growth rate model.17,18 We 

extend their analysis for the growth of a spherical super-critical crystal in an amorphous 

matrix17,18 to growth of a cylindrical cluster in a thin film, which is applicable here. The growth 

rate then has the form: 

    

! 
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which depends on the volume of a monomer, V; atomic diffusivity, D; jump distance at the 



 7 

interface, λ; temperature, T; change in bulk free energy on crystallization, ΔGV; cluster radius, R; 

film thickness, d; interfacial energy between crystalline and amorphous GeTe, γax, as well as 

interfacial energies of those phases with the substrate and capping layer, γas, γxs, γac, and γxc. 

Details on the derivation of equation (1) are in the Supplementary material. Approaching Tm, 

growth is limited by the diminishing thermodynamic driving force and below Tx it is limited by 

diminishing atomic diffusivity, D.  

 A calculated growth rate, vG, from Equation (1), along with growth rate data for GeTe,9-12 

is plotted in Figure 4. ΔGV is given the form 
    

! 

"GV = "H (Tm #T )
Tm

2T
Tm +T( ) , where ∆H, the enthalpy of 

crystallization, is taken from calorimetric data.27 Data on diffusivity over a broad range of 

temperatures are available for few systems and are scant for GeTe, thus we make assumptions 

regarding the atomic mobility as described below. Importantly, we expect the temperature 

dependence of the atomic mobility to be different at low temperatures where the material is a 

glass, than at high temperature where it is a supercooled liquid. A glass transition temperature, 

Tg, has not been measured for GeTe, but it is expected to be close to Tx in PCM alloys. Both 

calculated values of Tg
28 and trends in experimentally measured Tx and Tg of GexTe1-x alloys29 

suggest that Tg > Tx. At temperatures near Tx where solid state behavior is expected, D(T) is 

given an Arrhenius dependence. The activation energy for D is taken as the average of activation 

energies for growth in references [9-12]; since ΔGV is large but slowly varying below Tx this 

activation energy should reflect the temperature dependence of the atomic mobility. Note that 

this dependence for D(T) in equation (1), when fitted to the available low temperature growth 

data,9-11,12 would lead to a gross over-estimate of the growth rate at higher temperatures 

(exceeding 1 km/s for a 10 nm grain). At higher temperatures, we use the Vogel-Fulcher-

Tammann (VFT) relation,     

! 

" ="o exp( B
T#To

), to describe η(T) and the Einstein-Stokes relation to 
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relate viscosity to diffusivity. Viscosity data are available for liquid GeTe for only two 

temperatures above Tm,30 which does not fully constrain the VFT relation. We take To, which 

affects the low temperature drop off in atomic mobility (also creating a rapid drop in growth 

rate), to be 0.4Tm, placing the transition from glassy to liquid behavior, the kink in the plot, 

slightly above Tx, as expected. 29 The values of ηo and B, are then constrained by the available 

viscosity data.  

 Based on the observed reduction in growth rate and the expected local increase in 

temperature due to the enthalpy of crystallization, we conclude that we are operating in the 

temperature range where an increase in temperature of >100 K leads to a only small reduction in 

growth rate (shaded region in Figure 4). These photoemission transmission electron movies with 

nanosecond-scale time resolution yield direct measurement of PCM growth rates where they 

achieve their maximum, which is especially relevant to the function of PCM memory devices.  

 Thus DTEM experiments are valuable for the evaluation of PCM alloys in the 

technologically relevant temperature regime, but further opportunities exist to build a more 

complete understanding of crystallization kinetics in GeTe and other PCMs. There remains a gulf 

between the growth rate measurements made with conventional microscopy below Tx and our 

experiments. In this intermediate region, growth rates still span many orders of magnitude and 

the nucleation rate achieves its maximum. Recently, this intermediate regime was probed with 

ultrafast-heating calorimetry in a related PCM, Ge2Sb2Te5.15 Although calorimetry can not yield 

absolute values of growth rates, those experiments began to reveal temperature dependency of 

crystal growth rate in a PCM above Tx. Photoemission TEM may also be used to measure growth 

rates just above Tx, where crystal growth is too fast to be captured with conventional techniques, 

and where the transition from amorphous solid to supercooled liquid occurs. At these 
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temperatures, high spatial resolution will be required because of high nucleation rates, but the 

required temporal resolution will be relaxed because of somewhat lower growth rates. Photo-

emission electron microscopy using microsecond pulses, which has the potential to achieve 

atomic resolution,25 can be applied in this regime. No other technique with the ability to visualize 

microstructural changes during irreversible reactions has approached this level of spatial and 

temporal resolution. We are moving toward a time when we may use electron microscopy not 

only to locate exactly where atoms are, but perhaps more importantly, where they are going. 

 Our photoemission TEM experiments have already yielded quantitative measure of growth 

rate close to Tm where GeTe is a supercooled liquid, revealing transformations of microstructure 

in states of matter inaccessible at lower heating rates and other characterization techniques. 

These experiments, coupled with appropriate models of crystal growth, provide a path to better 

understanding of crystal growth in GeTe and other PCMs. A fundamental understanding of 

crystal growth, which is benchmarked by the ability to accurately model experimental 

observations over a wide range of conditions, will help advance designs for new memory 

applications.  

Methods	
  
The DTEM was used to image crystallization of an as-deposited amorphous film of 30 nm GeTe on a Si 

support with a 20 nm thick, 0.25 x 0.25 mm amorphous silicon nitride window. GeTe films were deposited at room 
temperature using magnetron sputtering. A target with a nominal composition of Ge:Te = 50:50 atomic % was used. 
Rutherford backscattering revealed the film composition to be Ge 50.7 ± 0.5 atomic % and Te 49.3 ± 0.5 atomic %. 
The DTEM specimen pump laser used to induce crystallization is a Nd:YAG laser (1064 nm wavelength, 135±5-µm 
1/e2 diameter, 12-ns FWHM pulse duration). Crystallization was induced with 4.8 or 5.3 µJ pulses. The higher 
energy caused the growth of large grains (>1 µm) at the center of the laser spot. Photo-emitted electron pulses were 
generated with a Nd:YAG laser converted to 5th harmonic (213 nm) directed onto the TEM cathode. The electron 
probe pulses and pump laser were aligned such that the imaging of the specimen occurred where the specimen 
receives the greatest laser intensity. Bright field images of each initiated reaction were generated from a series of 
nine 17.5 ns electron pulses. The nine images were captured in a single “exposure” of the CCD camera through the 
use of an electrostatic deflector that shifts each electron image to a different part of the detector. Growth rates were 
determined by tracking the position of crystallization fronts in each frame of the nine-frame movie series. The error 
in determining the position of the crystallization front is estimated to be ±60nm. The rate at each delay in Figure 2 
represents the amount the crystalline front has advanced in the time interval since the previous image. Measurements 
were made at evenly spaced intervals normal to the crystal/amorphous interface at the earlier delay (every ~240 nm). 
The number of measurements varied (between 5 and 36) depending on the length of the crystalline/amorphous 
interface visible in the field of view at each delay.  
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Finite element analysis: The laser interactions and heat flow were simulated in a commercial finite element 
package, COMSOL™. Laser-specimen interactions, which include specimen geometry and materials properties as 
well as wavelength and polarization of the incident laser, were modeled in a time-harmonic study. The incident light 
was taken to be a uniform plane wave incident at 42°. This plane wave served as the source term in a standard 
scattered-wave electrodynamics calculation. The total dissipative losses in the materials in the laser-specimen 
interaction simulation were used as the heat source in a heat transport simulation. To save on computational time, a 
2D model was used and the Si frame was truncated relative to the experimental set-up. The model dimensions are 
large enough that changes in the dimension do not significantly affect the absorption and temperature profiles in the 
area of interest. The simulation region was bounded by perfectly matched layers, which impose the boundary 
condition that no waves apart from the specified source term were inbound from outside the region. For the heat 
transport simulation, the heat source was given a spatially varying envelope reflecting the size (135um 1/e2 dia.) and 
shape (Gaussian) of the laser spot and time-dependent envelope reflecting the temporal profile of the DTEM 
specimen laser (Gaussian pulse centered at 15 ns, 12-ns FWHM) forming a heat source, which was scaled such that 
the total laser energy in the shaped pulse matched the experimental values. It is assumed heat diffusion through the 
solid is the most significant path for heat flow; radiative losses were included in some models, but, as expected, 
were insignificant compared to diffusion through the solid. Materials properties were taken from the available 
literature and were generally treated as temperature independent; phase transformations were not included in the 
simulation presented here. 
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a  b  c  
Figure 1 (a-b) GeTe films in series of 17.5-ns images during crystal growth after two different 5.3 µJ laser shots. 
Time signatures are relative to the time of the peak specimen laser intensity with an uncertainty of ±3 ns. Image (c) 
adds false color to image (b) to clarify the growing crystalline region. 
 
 

       
Figure 2 (a) Growth rate versus delay after specimen laser shot. The rate given at each delay represents the amount 
the crystalline front has advanced in the time interval since the previous image. Rates are averaged over evenly 
spaced measurements normal to the crystal/amorphous interface; bars indicate the sample standard deviation. 
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Figure 3 Simulated temperature profiles in a GeTe film for a laser pulse centered in a 250 µm TEM grid window for 
a 5.3 µJ laser pulse. The heating rate exceeds 1010 K/s at the peak of the laser pulse at 15 ns; after the laser pulse the 
local temperature remains steady for microseconds. 
 

 
Figure 4 Growth rate vs. temperature showing data points from conventional TEM and optical microscopy 
experiments and equation (1) (solid line). Our experiments measure growth rates of GeTe in the shaded where a 
slight rate drop in rate is expected due to a local increase in temperature cause by heat of devitrification released.  
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MODEL FOR CRYSTAL GROWTH RATE IN AN AMORPHOUS THIN FILM 

  To model the growth of crystalline GeTe into an amorphous film, we follow the approach 

used for glass-forming materials described by Kelton and Greer1,2 for the growth of a super-

critical crystalline cluster in an amorphous matrix. We modified their analysis to take into 

consideration the specimen geometry for growth of crystalline clusters in thin films sandwiched 

between a substrate and a capping layer (or air), which is the geometry of interest for many 

applications of phase change materials and is the geometry generally used for the study of 

crystallization of phase change materials. The geometry is shown here: 

  

A simplifying assumption was made that the growing grain is a right cylinder, although in 

reality, the contact angle of the grain at the substrate and capping layer will depend on the 

relative interfacial energies between the different phases. 
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 Kelton and Greer use reaction rate theory to find the reaction rate for which a super-

critical cluster of n molecules gains a new molecule. They give an average rate at which a 

crystalline cluster gains a monomer as: 

    

! 

dn
dt = 6D

"2 On{exp
#G n( )$#G n+1( )

2kBT[ ]$ exp
#G n+1( )$#G n( )

2kBT[ ]}  (i)
 

where D is the atomic diffusivity at the crystal-amorphous interface, λ is the jump distance 

across the interface, On is number of sites on the cluster surface (which for the above geometry is 

    

! 

On = 16n d
3R ), d is the film thickness and R is the radius of the growing crystal. T is the 

temperature and kB takes its usual meaning of Boltzmann’s constant. 

 For the thin film geometry, the change in free energy from an addition to the cluster, ΔG, 

contains both the bulk free energy and the interfacial energy, and when written in terms of a 

cluster size a radius R is given by: 

    

! 

"G =#R 2d"GV + 2#Rd$ax +#R 2[($ xs %$as )+ ($ xc %$ac )]  (ii) 

where ΔGV is the change in the bulk free energy on crystallization per unit volume. The terms 

γax, γxs, γas, γxc, and γac are interfacial energies, where the subscripts indicate the relevant phases: 

“a” for amorphous matrix, “x” for crystalline grain, “s” for substrate, and “c” for capping layer. 

The second term on the right side of equation (ii) is the energetic barrier to growth caused by 

increasing the interfacial area of the growing crystal with the amorphous matrix. The third term 

accounts for the change in interfacial energy at the substrate and capping layer interfaces during 

crystal growth and is sensitive the differences (γxs -γas) and (γxc - γac), rather than the absolute 

values of the individual interfacial energies. 

 Taking each of the n monomers to have an the effective monomer volume, V, equations 

(i) and (ii) may be combined to find the growth rate: 
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! 

vG = dR
dt = " 6V

#( )
1
3 8D
$2 Sinh V

2kBT %GV + &ax

R + 1
d (& xs "&as )+ (& xc "&ac )( )[ ]{ }       (iii), eqn (1) main text 

For figure 4 in the main text, an estimate of the interfacial energy between the GeTe amorphous 

and crystalline phases was made based on the interfacial energies extracted by Kalb et al.3 from 

their calorimetric data on Ge4SbTe5 (0.047 ± 0.06 J/m2) and Ge2Sb2Te5 (0.40 ± 0.03 J/m2). This 

assumes homogeneous nucleation, and thus is a lower bound to the true interfacial energy. We 

use 0.047 J/m2 as an estimate for γax. We also take the differences (γxs -γas) + (γxc - γac) to be 

0.0005 J/m2 but note that physically reasonable changes to the values of the interfacial energies 

make little difference when plotted on the scale of figure 4 for R > 10nm. In both our 

experiments and the growth rate experiments on GeTe performed with optical microscopy4-6, 

the grain radii exceeded 1 µm. Over the range covered by figure 4, equation (iii) is most strongly 

affected by ΔGV(T) and D(T). 
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